Introduction
============

Fullerene (C~60~), the third member in the carbon allotrope line-up, is a truncated icosahedron sp[@b2-ijn-9-4375]-hybridized carbon molecule with 30 carbon--carbon double bonds (C=C). It is widely known for its capability in scavenging free radicals through multiple addition reactions that occur momentarily in the presence of radicals.[@b1-ijn-9-4375],[@b2-ijn-9-4375] In the past couple of years, researchers have been actively exploiting fullerene due to its excellent antioxidant activity. This brings promising medicinal benefits as a remedy or therapy in various health illnesses, such as cancer, neurodegenerative disorders, allergies, and many more.[@b3-ijn-9-4375]--[@b5-ijn-9-4375] Another advantage is that pristine fullerene is nontoxic to a large variety of living organisms, including human.[@b6-ijn-9-4375] Furthermore, there is an immense interest to further employ fullerene in the cosmetic and cosmeceutical industries as an antioxidant.[@b7-ijn-9-4375]--[@b9-ijn-9-4375]

Despite its vast advantages, fullerene is insoluble in water, which makes it more challenging to incorporate into pharmaceutical and cosmetic products. Hence, efforts to modify the surface of the molecules into functionalized fullerene have been reported.[@b10-ijn-9-4375] However, engineered fullerene derivatives can be highly toxic.[@b6-ijn-9-4375] An alternative route of application was identified where oil was used as a biocompatible carrier for fullerene.[@b11-ijn-9-4375]

To improve the solubility and bioavailability of fullerene, a suitable carrier system comprised of oil should be developed. Wax esters emerge as the key ingredient in cosmeceutical industries, due to their excellent wetting behavior at interfaces and a nongreasy feeling upon application on the skin surfaces.[@b12-ijn-9-4375],[@b13-ijn-9-4375] This offers a potential solution to formulate an emulsion system to deliver fullerene in an effective way.

Nanotechnology has been explored due to its potential to revolutionize the cosmetic and cosmeceutical industries. Nanoemulsion-based cosmeceuticals have improved efficacy; whereby, the active ingredient will have better skin penetration and a higher rate in successful drug delivery to the target site due to its small particle size. Besides, the long-term colloidal stability of nanoemulsions can be achieved through high ζ-potential due to the increase of the repulsive force between droplets. Nanoemulsion is a nonequilibrium colloidal system where oil phase is dispersed as fine droplets, usually with particle size from 20--200 nm, throughout the aqueous phase stabilized by surfactants.[@b14-ijn-9-4375] Nanoemulsions can be prepared by high-energy emulsification or by low-energy emulsification methods.[@b15-ijn-9-4375] However, nanoemulsions are thermodynamically unstable colloidal systems that are highly dependent on their physicochemical properties, usually based on the preparation method.[@b14-ijn-9-4375] Thus, a precise preparation method is necessary to avoid overprocessing, which will be a waste of time and cost. Process parameters that involved the controlling of the energy input of homogenizers and process time could be a deciding point to acquire ideal characteristics. However, combinations of emulsification methods are often applied, and an investigation on each influence individually (the univariate approach) can be a tedious task.

These process variables influence the outcome of the responses in different manner where interaction between variables may even occur. Response surface methodology (RSM) is a powerful statistical tool that executes effectively in a multivariate way to study the relationships between independent and response variables. Based on mathematical principles, the optimization of certain processes can be achieved easily by setting the desirable parameters. Moreover, the minimum number of experimental runs will be conducted to fully assess the effect of independent variables and their interactions between variables on the selected responses.[@b16-ijn-9-4375]

The aim of this study was to investigate the influence of process parameters -- homogenization rate, sonication amplitude, and sonication time -- on the physicochemical properties (particle size, ζ-potential, and viscosity) of fullerene nanoemulsions using RSM with two different designs. The comparison between Box--Behnken design (BBD) and central composite rotatable design (CCRD) was analyzed for the purpose of optimizing the condition to obtain desirable responses, such as small particle size and high ζ-potential. Fullerene solubilized in palm kernel oil esters was used to formulate an oil-in-water nanoemulsion system. An amplitude sweep test was carried out on the optimum formulations to find out the rheological characteristics that can be correlated with the nanoemulsions stability.

Materials and methods
=====================

Materials
---------

Fullerene, with a purity of 99.5%, was purchased from Sigma-Aldrich (St Louis, MO, USA). Nonionic surfactants, polyoxyethylene sorbitan monooleate (T80), viscous liquid, and sorbitan monooleate (S80) were from Sigma-Aldrich. Xanthan gum from *Xanthomonas campestris* and white beeswax, bleached, were obtained from Sigma-Aldrich. Phenonip, preservative, was purchased from Bramble Berry (Bellingham, WA, USA). Palm kernel oil esters (PKOEs) were synthesized in our laboratory through the enzymatic transesterification of palm kernel oil and oleyl alcohol using Lipozyme RM IM as the catalyst.[@b13-ijn-9-4375] Deionized water was purified using the Milli-Q water system (EMD Millipore, Billerica, MA, USA).

Fullerene nanoemulsions preparation
-----------------------------------

Formulations containing fullerene were prepared using a combination of high-energy emulsification techniques -- high shear homogenization and ultrasonic dispersion. Fullerene was fully dissolved in PKOEs (160 μg/g) using a magnetic stirrer. The oil phase, which was composed of fullerene, 12.5% (weight/weight \[w/w\]) PKOEs, 1.0% (w/w) beeswax, and 0.7% (w/w) phenonip, and the aqueous phase, 7.7% (w/w) T80:S80 (4:1), 0.9% (w/w) xanthan gum, and deionized water, was stirred separately while heating at 75.0°C to dissolve all the ingredients completely. Phenonip was added into the formulations as an antimicrobial agent. Fullerene nanoemulsions (100 g) were prepared by adding an aqueous phase slowly into the oil phase while homogenized using Polytron high shear homogenizer (PT3100; Kinematica AG, Lucerne, Switzerland) at room temperature (25.0°C±2°C) for 15 minutes. The premixed emulsions were further subjected to ultrasonic dispersion by 24 kHz ultrasonic tip processor (UP400S; Hielscher Ultrasonics GmbH, Teltow, Germany) with a maximum power output of 400 W. The titanium probe tip of 14 mm diameter and 100 mm length was submerged into the emulsions while sonicated at specific amplitude (alternating on--off every 1 second). Samples were immersed in an ice bath to mitigate the ultrasound thermal effect. High shear homogenization rate, sonication amplitude, and time were varied, according to the experimental design.

Particle size and ζ-potential determination
-------------------------------------------

The particle size and ζ-potential were determined using a dynamic light scattering droplet size analyzer (Malvern Zetasizer Nano ZS90; Malvern Instruments, Malvern, UK) equipped with an argon laser (λ =488 nm). The measurement was performed with an angle of 173° at room temperature (25.0°C±0.5°C). The samples were diluted (1:200) with deionized water to avoid multiple scattering effects. Then, they were filled into the zeta disposable cells. The diluted fullerene nanoemulsions were filled into the capillary cell, using the 3 mL syringe to avoid the presence of air bubbles before inserted into the module. For optimization measurement, the instrument was equilibrated for 120 seconds to the acquired stable temperature. For data analysis, each sample was analyzed twice after 24 hours of sample preparation; each analysis consisting of five replicates and the measurements were reported as average for each analysis.

Viscosity measurement
---------------------

The viscosity of colloidal systems was measured using a dynamic shear rheometer (Kinexus Rotational Rheometer; Malvern Instruments, Malvern, UK) at a fixed shear rate of 0.1 seconds^−1^ at 298 K. The measurements were performed within 24 hours after sample preparation using cone and plate geometry (4°/40 mm), the gap being set at 0.15 mm. Samples were loaded and left for 5 minutes to equilibrate, before carrying out the measurement. The viscosity of each sample was recorded in pascal seconds (Pa·s) at an interval of 5 seconds until 60 data points were generated, and the average viscosity value was calculated.

Rheological characterization
----------------------------

Oscillatory strain sweep analysis was run on the optimum formulation at different strain amplitudes from 1%--1,000% using the dynamic shear rheometer. The rheometer was equipped with cone and plate geometry (4°/40 mm). Measurements were performed at 25.0°C±0.1°C. Dynamic oscillatory experiments were done to identify the storage (elastic) (*G*′) and the loss (viscous) modulus (*G*″) at a fixed frequency of 1 Hz to acquire a linear viscoelastic region (LVR). This region is referring to the region where the *G*′ is independent of applied shear stress up to the critical strain value (*γ~c~*). This test is able to analyze the viscoelasticity of a specific microscopic architectural material.

Experimental design
-------------------

RSM was employed to study the process parameters of the independent variables: homogenization rate (*X*~1~); sonication amplitude (*X*~2~); and sonication time (*X*~3~), on the particle size (*Y*~1~), ζ-potential (*Y*~2~), and viscosity (*Y*~3~) of the nanoemulsions. The experiments were approached using two different designs as a comparison between the CCRD and BBD. The coded independent variables in both of the designs are shown in [Table 1](#t1-ijn-9-4375){ref-type="table"}. The total number of runs was generated by Design Expert version 6.0.6 by Stat-Ease Inc. (Minneapolis, MN, USA). The design matrix was created, and the results were statistically analyzed, which were then converted into a response surface.

The designs were evaluated separately based on the influence of process variables in the modeling of the emulsion particle size, ζ-potential, and viscosity. Each design was expressed by second-order polynomial regression equation to generate the model shown below, $$Y_{i} = \beta_{0} + \beta_{1}X_{1} + \beta_{2}X_{2} + \beta_{3}X_{3} + \beta_{11}X_{1}{}^{2} + \beta_{22}X_{2}{}^{2} + \beta_{33}X_{3}{}^{2} + \beta_{12}X_{1}X_{2} + \beta_{13}X_{1}X_{3} + \beta_{23}X_{2}X_{3}$$

Design Expert software was used to obtain the combination of values that illustrate the response surface model. Experiments were run in a randomized order to avoid questionable variability that affects the outcome of the response due to extraneous factors. The center of the experimental field was performed six and five times for CCRD and BBD, respectively.

Statistical analysis
--------------------

The analysis of variance (ANOVA) was performed to determine the significant differences between the independent variables. A reduced model involves statistically significant independent variables (*P*\<0.05), which it takes into account. The three-dimensional (3D) surface response and contour plots were constructed to represent the interaction between independent variables and responses. Multiple regressions were applied in analyzing experimental data to predict the coefficients of the fitted second-order polynomial model.

Verification of models
----------------------

Eight random formulations were prepared to validate the models. Experimental values were compared with the predicted values to check the adequacy of the final reduced models. Recommended optimum process parameters were also performed to verify the optimum response values predicted by the model. Percentage of residual standard error (RSE %) was calculated for each response.

Results and discussion
======================

Model fitting
-------------

The particle size, ζ-potential, and viscosity of the fullerene nanoemulsions obtained from the experimental design using CCRD and BBD are given in [Table 2](#t2-ijn-9-4375){ref-type="table"}. Coefficients of the polynomial equation were calculated using experimental values, and the equation was used in the prediction of the response values of the nanoemulsions. The predicted values derived from both designs were consistent with the experimental value. Final reduced models for particle size could be represented by the quadratic polynomial equations suggested using ANOVA as shown below, $$\text{CCRD}:Y_{1} = 152.27 - 3.27X_{1} - 5.76X_{2} - 12.17X_{3} + 6.42X_{2}{}^{2} + 2.99X_{1}X_{3} - 4.56X_{2}X_{3}$$ $$\text{BBD}:Y_{1} = 153.09 - 3.74X_{1} - 4.11X_{2} - 12.15X_{3} + 5.35X_{2}{}^{2} + 3.60X_{1}X_{3} - 3.85X_{2}X_{3}$$

The ANOVA of the resultant quadratic polynomial models for the particle size of fullerene nanoemulsions is shown in [Table 3](#t3-ijn-9-4375){ref-type="table"}. The significance of the regression coefficients was represented by the *P*-value for a polynomial equation. The smaller *P*-value indicates higher significance of the corresponding coefficients. The linear term of sonication time (*P*\<0.0001) had the largest effect on the particle size, followed by the quadric term of sonication amplitude (*P*\<0.0001) and linear term of homogenization rate (*P*\<0.0001). The interactive effect between the sonication amplitude and time (*P*\<0.05), as well as the interactive effect between the homogenization rate and sonication time (*P*\<0.05) exhibited a significant effect on the particle size of nanoemulsions. The remaining three interactive effect terms (homogenization rate and sonication amplitude, and the quadric terms of homogenization rate and sonication time) did not show any influence to the particle size of nanoemulsions. Hence, the insignificant terms were excluded in the final models. Lack of fit value (CCRD =2.19; BBD =1.97) was insignificant, which points to the fact that pure errors such as the experimental error were at their minimum.

While the response for ζ-potential, ANOVA suggested that the quadratic polynomial equations best described the CCRD and BBD. All linear and quadric terms have a significant effect on ζ-potential of the colloidal system with *P*-value less than 0.05. The final reduced quadratic models for both experimental designs were demonstrated in the following equations in terms of coded factor. $$\text{CCRD}:~Y_{1} = - 53.67 - 2.45X_{1} - 2.10X_{2} - 5.74X_{3} + 1.97X_{1}{}^{2} + 2.75X_{2}{}^{2} - 1.18X_{3}{}^{2} + 1.38X_{1}X_{3} - 1.87X_{2}X_{3}$$ $$\text{BBD}:~Y_{1} = - 53.70 - 2.65X_{1} - 2.34X_{2} - 5.89X_{3} + 1.66X_{1}{}^{2} + 2.69X_{2}{}^{2} - 1.51X_{3}{}^{2} + 1.60X_{1}X_{3} - 1.97X_{2}X_{3}$$

The ANOVA results and regression analysis were used to fit the models related to ζ-potential with the process parameters ([Table 3](#t3-ijn-9-4375){ref-type="table"}). Quadratic polynomial models with large *F*-value and small *P*-value indicate substantial significance of the models with a confidence level of 95%. The interaction between the homogenization rate with sonication amplitude and time shows a significant effect on the ζ-potential (*P*\<0.05). Despite the interaction effect between different variables, the linear term of sonication time imposes the largest effect on the ζ-potential with the highest *F*-value (*P*\<0.0001). Since the interactive term between homogenization rate and sonication amplitude gave an insignificant effect, it was excluded from the quadratic polynomial model. The *P*-value of lack of fit from both models was nonsignificant, indicating minimal pure errors which affirmed the fitness of the model.

For both experimental design of CCRD and BBD, linear interaction was suggested by showing the relationship between the three independent variables and the viscosity of the system. None of the interactive term was observed in this particular case on the viscosity of the fullerene nanoemulsions. Linear polynomial equation was selected, showing each term was highly significant toward the viscosity as shown here, $$\text{CCRD}:\ Y_{1} = 44.12 - 3.16X_{1} - 9.03X_{2} - 13.35X_{3}$$ $$\text{BBD}:\ Y_{1} = 44.73 - 2.75X_{1} - 8.41X_{2} - 13.76X_{3}$$

The linear term of sonication time (*P*\<0.0001) stood out from the rest of the terms, showing the highest *F*-value followed by sonication amplitude (*P*\<0.0001) and homogenization rate (*P*\<0.05). This indicated that sonication time has the largest effect on influencing the outcome of the nanoemulsions' viscosity. No significant interaction effect between the variables was found in this event. Low lack of fit values (CCRD =2.97; BBD =2.99) implied the models were insignificant, relative to pure error caused during the experiment.

The approximated regression coefficients describing the effect of independent variables were often related to standard deviation, prediction error sum of squares (PRESS), *R*^2^, predicted *R*^2^, adjusted *R*^2^, and adequate precession. Regression coefficients of the final reduced quadratic polynomial models are tabulated in [Table 4](#t4-ijn-9-4375){ref-type="table"}. The coefficients of determination (*R*^2^) for particle size, ζ-potential, and viscosity extracted using ANOVA were 0.9765, 0.9734, and 0.9569 for CCRD; whereas, they were 0.9625, 0.9736, and 0.9281 for BBD, respectively. The analysis showed that the viscosity has the highest coefficient value, followed by particle size and ζ-potential. The *R*^2^ value from CCRD showed a higher value compared to BBD, but both designs fitted well into the second-order polynomial model.

Response surfaces analysis
--------------------------

When the experimental data gathered from the responses of process parameters for both designs was analyzed, ANOVA showed a quadratic polynomial equation was best to predict the particle size and ζ-potential of the nanoemulsion. This showed that there was a significant effect in the interaction between independent variables, which was indicated by a large *F*-value and a small *P*-value of interaction terms. However, the viscosity of the nanoemulsion showed that the linear polynomial equation was best fitted for all variables involved, and interaction terms were not significant in the model.

To better illustrate the effect of independent variables on the particle size and ζ-potential, the 3D surface response model graphs and contour plots of the quadratic polynomial models are shown in [Figures 1](#f1-ijn-9-4375){ref-type="fig"} and [2](#f2-ijn-9-4375){ref-type="fig"}. The 3D plots showed that increasing the sonication amplitude and homogenization rate led to a reduction in the particle size of the nanoemulsion. It was attributed to higher shear force or disruption mechanism applied, which breaks the oil droplets into a smaller size.[@b17-ijn-9-4375] Higher sonication time favored the formation of nanoemulsions with smaller particle size. It was due to the longer duration for the action of ultrasonic radiation forces to disperse the emulsion droplets into smaller sizes.

However, this trend was reversed after the particle reached its minimum size at the amplitude of 52%. This suggested that there was an optimum level for attaining the maximum effect from acoustic emulsification.[@b18-ijn-9-4375] Hence, there was no further reduction of particle size when the maximum dispersity was reached at the given acoustic power density. Another observation was witnessed where the effect was described as an overprocessing event, which was caused by the increase of coalescence in oil droplets at higher shear rate.[@b19-ijn-9-4375],[@b20-ijn-9-4375] Increase in sonication amplitude would increase the ultrasonic radiation forces that drove the oil droplets to the anodes and antinodes of the acoustic field. Nearby droplets that were close to each other would coalesce and lead to overprocessing.[@b21-ijn-9-4375] In addition, the turbulence generated at the vicinity of the probe tip at higher operating amplitude increase the rate of collision between the droplets, causing the production of acoustic bubbles. These bubbles were collected at the nodes of the acoustic field, due to the increase of the ultrasonic radiation forces. The remainder of the emulsions were shielded from the effect of acoustic oscillations by the bubble cloud and coalesced to form larger emulsion droplets.[@b22-ijn-9-4375]

The absolute value of ζ-potential increased in the higher homogenization rate, due to the higher shear force applied that could disrupt the interfacial forces that hold the particle together and overcome Laplace pressure.[@b23-ijn-9-4375] Increase of sonication amplitude had a similar effect on the ζ-potential of the colloidal system. However, there was no further increase in the absolute value of ζ-potential at sonication amplitude greater than 54%, where the particle has the smallest size. This observation could be explained by the overprocessing effect where the droplets had reached the maximum dispersity.[@b23-ijn-9-4375] Changes in the ζ-potential will depend on the electrophoretic mobility of the dispersed particle, due to the effect of homogenization process in the nanoemulsion preparation. Hence, the electrophoretic mobility of small particle size is greater and eventually leads to higher ζ-potential. In addition, the application of higher sonication amplitude would cause cavitation-induced thermal effect, resulting in the deterioration of T80:S80. Miscibility and solubility of the surfactant might be altered.[@b24-ijn-9-4375] At a constant concentration of T80:S80, the deterioration of the mixed-surfactant lowered the amount of surfactant to adsorb on the newly formed droplet interface. Depletion interaction between the dispersed particles increased and rendered the colloidal system to be unstable.

Generally, higher sonication time favored the formation of nanoemulsions. The interaction between sonication amplitude and time has a negative effect on ζ-potential of the nanoemulsions. Increase in sonication time caused a rising in the temperature of the system. The cavitation-induced thermal effect caused by an increase of both sonication amplitude and time contributed to the overprocessing and the instability of the colloidal system. The temperature rise could cause the number of cavitation nuclei as well as their vapor pressure to increase. A damping of shock waves was produced, lowering the maximum pressure reached at the implosion sites.[@b25-ijn-9-4375] The emulsifying efficiency was affected by this limitation, leading to a decrease in the absolute value of ζ-potential. It was observed that the emulsion that had been sonicated at amplitude 70%, and emulsion that had undergone sonication for 150 seconds was separated into two phases after 1 week. This observation is corroborated with the cavitation-induced thermal effect on the ζ-potential.

The linear polynomial equations can be best described for all the independent variables where they have negative effect on the viscosity of the nanoemulsions. Viscosity of the emulsions decreased as the high shear homogenization rate and sonication amplitude increased. The change of viscosity as the function of shear rate indicated that the nanoemulsions were non-Newtonian fluids. Before the application of shear force using the high shear homogenizer, the coarse emulsions were aggregates of droplets. As the shear rate increased, the increasing hydrodynamic forces were able to deform and disrupt the flocs leading to a reduction in viscosity.[@b26-ijn-9-4375]

On the other hand, higher sonication amplitude led to the formation of highly unstable bubbles that collapsed within a few milliseconds. The hydrocolloid dispersion particles were exposed to high shear forces around the bubble cloud. These high shear forces together with the thermal effect induced by sonication caused the cleavage of macromolecules of xanthan gum. The OH radicals formed in the cleavage of polysaccharides, resulting in broken glycosidic linkages, leading to a decrease in viscosity.[@b27-ijn-9-4375] As the sonication time increased, the apparent viscosity of the nanoemulsions decreased, due to the expedited depolymerization of xanthan gum. The interactions between the polymer molecules were weakened, and this destruction of the polymer network resulted in a decrease of viscosity.[@b28-ijn-9-4375]

Optimization of conditions for formulating fullerene nanoemulsions
------------------------------------------------------------------

Fullerene nanoemulsion with desired characteristics, such as a small particle size and high absolute value of ζ-potential, can be considered as the optimum formulation. Despite wanting these characteristics to be achieved, a cost-effective and fast preparation should not be compromised if expanded into a large scale. The lowest energy input in producing fullerene nanoemulsions was chosen to reduce the cost of production, and the possibility of overprocessing can be avoided. In addition, production time could be cut down when sonication time is reduced.

Under the optimum conditions, the process parameters involving a homogenization rate of 4,352 rpm and sonication amplitude of 48% for 97 seconds yielded a predicted response value for the particle size, ζ-potential, and viscosity were estimated to be 152.5 nm, −52.6 mV, and 44.6 Pa·s for CCRD; whereas, the optimum conditions suggested by BBD was a homogenization rate at 4,354 rpm and sonication amplitude of 49% for 105 seconds that would produce nanoemulsion with the particle size, ζ-potential, and viscosity of 148.5 nm, −55.2 mV, and 39.9 Pa·s, respectively. Both designs predicted almost similar responses to each other; thus, this affirmed the reliability of the optimum formulation toward the desirable criteria. Formulations were also prepared under the recommended optimum conditions, and the resulting responses were compared to the predicted values for both models.

Verification of the models
--------------------------

The verification of final models was completed to test the adequacy of the predicted response values by performing eight additional randomized formulations, as shown in [Table 5](#t5-ijn-9-4375){ref-type="table"}. No significant difference between the actual and predicted values was shown in the results that indicated excellent fitness of the models generated.

Comparison of CCRD and BBD models in optimum conditions
-------------------------------------------------------

Comparison between two experimental designs in obtaining optimum formulations using suggested process conditions by CCRD and BBD were conducted. The responses of three independent variables (homogenization rate, sonication amplitude, and sonication time) are shown in [Table 6](#t6-ijn-9-4375){ref-type="table"}. Given the stated conditions, the extracted results were correlated with the predicted outcome and RSE was computed as shown below, $$\text{Residual~standard~error}(\%) = \frac{\text{Exp~value} - \text{Pre~value}}{\text{Pre~value}} \times 100\%$$

The result showed that CCRD produced a lower RSE value than the BBD for all variables, which suggested that CCRD is able to predict more accurate data compared to the actual experiment ([Table 6](#t6-ijn-9-4375){ref-type="table"}). This indicates that CCRD is a better design comparing to BBD in this case.

Rheological characterization
----------------------------

Optimum formulations suggested by CCRD and BBD were run through oscillatory strain sweep test, and the results were shown in [Figure 3](#f3-ijn-9-4375){ref-type="fig"}. *G*′ and *G*″ were constant at low deformation, which indicated the sample structure was uninterrupted. Once the plateau started to decrease, this marked the end of LVR, due to the breakdown of architecture within the colloidal system. From the LVR, both formulations displayed higher G′ value (storage modulus) compared to G″ value (loss modulus) indicating that the systems exhibited elastic behavior rather than viscous behavior.[@b29-ijn-9-4375] The results showed that both formulations generated wide LVR that directly related to high rigidity of the system. Samples with wide LVR indicated excellent stability against phase separation as well.[@b29-ijn-9-4375] Optimum formulations were found to be monophasic even when they were left for 90 days at room temperature (25.0°C±0.5°C) and 45°C in the incubator DK-S1020 (DAIKI Sciences Co. Ltd, Seoul City, Korea). The LVR of the optimized formulation from CCRD and BBD have a similar complex shear strain of 31.57%. The yield stress of formulation was determined at the end of LVR, where an optimum formulation was 8.76 Pa. The phase angle was 16.4°, which was lower than 45.0°, indicating that the sample was solid-like material.

Conclusion
==========

Control of process parameters in the fullerene nanoemulsion preparation is crucial to acquire desirable attributes for effective transdermal delivery. The fullerene nanoemulsion was prepared by employing high shear and ultrasonic emulsification methods while further optimized by CCRD and BBD as multivariate modeling tools in process parameter studies for improved accuracy and quality in results. Significant interaction between the process parameters was observed in determining the particle size and ζ-potential (*P*\<0.05), except viscosity where no interaction between process parameters can be observed. Both final reduced models predicted the same polynomial model, which validates one another in achieving the optimum process conditions. However, CCRD (RSE \<1.2%) displayed a better performance in model fitting and estimation of actual values than BBD (RSE \<2.0%). Optimum nanoemulsion exhibited wide LVR giving great resistance against flow while maintaining the structure of the nanoemulsion itself, indicating excellent long-term stability. Therefore, the development of fullerene nanoemulsion by ultilizing multivariate statistical technique can be cost-effective and able to achieve desirable properties suitable for transdermal application in the same time.
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![Response surface plot (CCRD) showing effects of (a) homogenization rate, (b) sonication amplitude, and (c) sonication time on (**A**) particle size, (**B**) zeta potential, and (**C**) viscosity.\
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![Response surface plot (BBD) showing effects of (a) homogenization rate, (b) sonication amplitude, and (c) sonication time on (**A**) particle size, (**B**) zeta potential, and (**C**) viscosity.\
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![Storage modulus (*G*′), loss modulus (*G*″), and phase angle (δ) as a function of strain amplitude *γ* of the optimum fullerene nanoemulsion.](ijn-9-4375Fig3){#f3-ijn-9-4375}

###### 

Coded independent variables used in RSM design

  Symbol     Independent variable        Coded levels                           
  ---------- --------------------------- -------------- ------- ------- ------- -------
  **CCRD**                                                                      
  *X*~1~     Homogenization rate (rpm)   4,000          4,250   4,500   4,750   5,000
  *X*~2~     Sonication amplitude (%)    30             40      50      60      70
  *X*~3~     Sonication time (seconds)   30             60      90      120     150
  **BBD**                                                                       
  *X*~1~     Homogenization rate (rpm)   --             4,250   4,500   4,750   --
  *X*~2~     Sonication amplitude (%)    --             40      50      60      --
  *X*~3~     Sonication time (seconds)   --             60      90      120     --

**Abbreviations:** RSM, response surface methodology; CCRD, central composite rotatable design; BBD, Box--Behnken design.

###### 

Predicted and experimental values of particle size, ζ-potential, and viscosity of fullerene nanoemulsions obtained from CCRD and BBD experimental design

  Run        Homogenization speed (rpm)   Sonication amplitude (%)   Sonication time (seconds)   Particle size (nm)   ζ-potential (mV)   Viscosity (Pa·s)                   
  ---------- ---------------------------- -------------------------- --------------------------- -------------------- ------------------ ------------------ -------- ------ -------
  **CCRD**                                                                                                                                                                  
  1          4,500                        50                         90                          151.5                152.27             −53.1              −53.67   46.7   44.12
  2          4,500                        50                         90                          154.5                152.27             −53.8              −53.67   45.4   44.12
  3          4,500                        50                         90                          155.7                152.27             −55.3              −53.67   42.7   44.12
  4          4,500                        50                         90                          154.1                152.27             −54.4              −53.67   41.3   44.12
  5          4,500                        50                         90                          151.0                152.27             −52.9              −53.67   42.0   44.12
  6          4,500                        50                         90                          150.4                152.27             −51.7              −53.67   45.9   44.12
  7          5,000                        50                         90                          147.1                145.73             −48.1              −50.68   34.6   37.80
  8          4,000                        50                         90                          157.2                158.81             −42.6              −40.87   53.7   50.45
  9          4,500                        70                         90                          163.3                166.46             −46.1              −46.88   22.0   26.07
  10         4,500                        30                         90                          192.9                189.48             −38.4              −38.47   65.8   62.17
  11         4,500                        50                         30                          175.3                176.60             −46.5              −46.90   74.8   70.82
  12         4,500                        50                         150                         126.7                127.93             −69.4              −69.85   14.2   17.42
  13         4,250                        60                         120                         137.2                136.49             −58.1              −58.76   28.6   24.91
  14         4,250                        40                         120                         157.6                157.13             −50.2              −50.81   39.4   42.96
  15         4,750                        60                         60                          162.2                163.41             −50.1              −48.44   47.9   45.29
  16         4,250                        60                         60                          180.2                175.93             −40.3              −40.79   49.2   51.61
  17         4,750                        40                         60                          165.3                165.80             −49.3              −47.99   60.1   63.34
  18         4,750                        40                         120                         152.5                156.56             −54.1              −52.96   39.9   36.64
  19         4,250                        40                         60                          175.3                176.61             −39.5              −40.34   65.7   69.66
  20         4,750                        60                         120                         138.2                135.93             −62.8              −60.91   22.6   18.59
  **BBD**                                                                                                                                                                   
  1          4,500                        50                         90                          151.5                153.05             −52.1              −53.70   46.7   44.73
  2          4,500                        50                         90                          154.5                153.05             −53.8              −53.70   45.4   44.73
  3          4,500                        50                         90                          155.7                153.05             −55.3              −53.70   42.7   44.73
  4          4,500                        50                         90                          154.1                153.05             −54.4              −53.70   41.3   44.73
  5          4,500                        50                         90                          151.0                153.05             −52.9              −53.70   42.0   44.73
  6          4,250                        40                         90                          167.9                166.29             −44.0              −44.36   52.7   55.89
  7          4,750                        50                         120                         139.2                140.80             −61.3              −60.49   24.5   28.22
  8          4,250                        50                         120                         142.1                141.08             −59.1              −58.39   36.4   33.72
  9          4,750                        50                         60                          156.2                157.90             −51.2              −51.91   59.2   55.74
  10         4,500                        60                         120                         138.1                138.33             −62.1              −62.73   25.7   22.55
  11         4,250                        60                         90                          156.9                158.06             −49.5              −49.04   35.6   39.07
  12         4,750                        40                         90                          163.0                158.81             −50.3              −49.66   46.5   50.39
  13         4,250                        50                         60                          173.5                172.58             −42.6              −43.41   64.5   61.24
  14         4,750                        60                         90                          152.1                150.59             −53.6              −54.34   37.0   33.57
  15         4,500                        40                         120                         151.3                154.25             −53.2              −54.10   43.6   39.38
  16         4,500                        40                         60                          168.0                170.85             −46.9              −46.27   69.7   66.90
  17         4,500                        60                         60                          170.2                170.33             −47.9              −47.00   46.9   50.08

**Abbreviations:** CCRD, central composite rotatable design; BBD, Box-Behnken design; Exp, experimental; Pre, predicted.

###### 

Analysis of variance of the fitted linear/quadratic equation for particle size, ζ-potential, and viscosity of nanoemulsions

  Source         Particle size   ζ-potential   Viscosity                                                      
  -------------- --------------- ------------- ----------- ---------- -------- ---------- ---------- -------- ----------
  **CCRD**                                                                                                    
  Model          738.48          90.05         \<0.0001    135.88     50.35    \<0.0001   1,438.26   118.29   \<0.0001
  *X*~1~         170.96          20.85         0.0005      96.04      35.59    \<0.0001   160.02     13.16    0.0023
  *X*~2~         530.15          64.65         \<0.0001    70.56      26.15    0.0003     1,303.21   107.18   \<0.0001
  *X*~3~         2,369.26        288.91        \<0.0001    526.70     195.17   \<0.0001   2,851.56   234.52   \<0.0001
  *X*~1~^2^                      98.07         36.34       \<0.0001                                           
  *X*~2~^2^      1,122.58        136.89        \<0.0001    190.14     70.46    \<0.0001                       
  *X*~3~^2^                      34.71         12.86       0.0043                                             
  *X*~1~*X*~3~   71.40           8.71          0.0113      15.13      5.60     0.0373                         
  *X*~2~*X*~3~   166.53          20.31         0.0006      28.13      10.42    0.0080                         
  Residual       8.20            --            --          2.70       --       --         12.16      --       --
  Lack of fit    10.37           2.19          0.2014      3.63       --       0.1893     15.34      2.97     0.1199
  Pure error     4.73            --            --          1.58       --       --         5.17       --       --
  **BBD**                                                                                                     
  Model          276.72          42.74         \<0.0001    56.75      36.94    \<0.0001   713.97     55.91    \<0.0001
  *X*~1~         111.75          17.26         0.0020      56.18      36.56    0.0003     60.50      4.74     0.0485
  *X*~2~         135.30          20.90         0.0010      43.71      28.45    0.0007     566.16     44.33    \<0.0001
  *X*~3~         1,180.98        182.40        \<0.0001    277.30     180.47   \<0.0001   1,515.25   118.65   \<0.0001
  *X*~1~^2^                      11.64         7.57        0.0250                                             
  *X*~2~^2^      121.16          18.71         0.0015      30.41      19.79    0.0021                         
  *X*~3~^2^                      9.63          6.27        0.0367                                             
  *X*~1~*X*~3~   51.84           8.01          0.0179      10.24      6.66     0.0325                         
  *X*~2~*X*~3~   59.29           9.16          0.0128      15.60      10.15    0.0129                         
  Residual       6.47            --            --          1.54       --       --         12.77      --       --
  Lack of fit    8.07            1.97          0.2660      1.51       --       0.5139     16.06      2.99     0.1521
  Pure error     4.09            --            --          1.56       --       --         5.38       --       --

**Notes:** *X*~1~, homogenization rate; *X*~2~, sonication amplitude; *X*~3~, sonication time.

**Abbreviations:** CCRD, central composite rotatable design; BBD, Box--Behnken design.

###### 

Regression coefficients of the final reduced models

  Regression coefficient   Particle size (nm)   ζ-potential (mV)   Viscosity (Pa·s)                     
  ------------------------ -------------------- ------------------ ------------------ -------- -------- --------
  Standard deviation       2.86                 2.54               1.64               1.24     3.49     3.57
  PRESS                    450.83               250.80             159.18             90.75    343.37   320.85
  *R*^2^                   0.9765               0.9625             0.9734             0.9736   0.9569   0.9281
  Adjusted *R*^2^          0.9657               0.9399             0.9541             0.9473   0.9488   0.9115
  Predicted *R*^2^         0.9006               0.8546             0.8575             0.8054   0.9239   0.8610
  Adequate precision       36.329               20.977             28.471             21.412   34.243   25.584

**Abbreviations:** CCRD, central composite rotatable design; BBD, Box--Behnken design; PRESS, prediction error sum of squares.

###### 

Predicted and observed response values for randomized formulation in optimization of composition factor

  Homogenization rate (rpm)   Sonication amplitude (%)   Sonication time (seconds)   Particle size (nm)   ζ-potential (mV)   Viscosity (Pa·s)                                            
  --------------------------- -------------------------- --------------------------- -------------------- ------------------ ------------------ ------- -------- -------- ------ ------- -------
  4,700                       35                         70                          173.5                174.70             170.63             −45.2   −44.34   −44.78   65.5   64.03   64.32
  4,600                       45                         80                          159.1                158.35             157.92             −51.9   −51.32   −51.40   51.1   51.82   52.42
  4,400                       55                         100                         147.6                147.09             148.69             −56.3   −55.28   −55.54   35.3   36.43   37.04
  4,300                       50                         110                         145.6                145.18             146.06             −55.1   −55.53   −55.97   37.4   37.76   37.75
  4,700                       55                         110                         141.4                140.34             141.92             −57.5   −58.97   −59.66   30.6   28.18   29.15
  4,600                       35                         70                          175.1                176.81             173.09             −44.0   −43.94   −44.09   66.6   65.30   65.42
  4,400                       50                         80                          158.7                158.03             159.11             −52.2   −50.41   −50.37   47.8   49.84   50.42
  4,300                       45                         100                         154.3                155.28             155.10             −48.9   −50.81   −50.90   48.9   46.72   46.55

**Abbreviations:** CCRD, central composite rotatable design; BBD, Box--Behnken design; Exp, experimental; Pre, predicted.

###### 

Predicted and observed response values for optimal formulation

  Model   Independent variable   Particle size (nm)   RSE (%)   ζ-potential (mV)   RSE (%)   Viscosity (Pa·s)   RSE (%)                                
  ------- ---------------------- -------------------- --------- ------------------ --------- ------------------ --------- ------- ------ ------ ------ ------
  CCRD    4,352                  48                   97        153.6              152.5     0.72               53.3      −52.6   1.33   44.1   44.6   1.12
  BBD     4,354                  49                   105       150.4              148.5     1.28               54.1      −55.2   1.99   40.6   39.9   1.75

**Abbreviations:** CCRD, central composite rotatable design; BBD, Box--Behnken design; RSE, residual standard error; Exp, experimental; Pre, predicted.
